Owls are known for the development of a silent flight. One conspicuous specialization of owl wings that has been implied in noise reduction and that has been demonstrated to change the aerodynamic behavior of the wing is a soft dorsal wing surface. The soft surface is a result of changes in the shape of feather barbs and barbules in owls compared with other bird species. We hypothesized that as the aerodynamic characteristics of a wing change along its chordwise and spanwise direction, so may the shape of the barbs and barbules. Therefore, we examined in detail the shapes of the barbs and barbules in chordwise and spanwise directions. The results showed changes in the shapes of barbs and barbules at the anterior and distal parts of the wing, but not at more posterior parts. The increased density of hook radiates at the distalmost wing position could serve to stiffen that vane part that is subject to the highest forces. The change of pennulum length in the anterior part of the wing and the uniformity further back could mean that a soft surface may be especially important in regions where flow separation may occur.
Introduction
The silent flight of owls (Strigiformes) is a model system for biomimetic research (Vad et al. 2006; Bachmann et al. 2011; Kl€ an et al. 2012; Winzen et al. 2012 Winzen et al. , 2014a Winzen et al. ,b,c, 2015 Clark et al. 2014; Winzen & Roidl, 2016) . Morphological specializations such as the leading-edge serrations, the trailingedge fringes, a soft dorsal surface and a wing shape optimized for slow flight are well known, but their exact function is still a matter of debate and often not well understood (Fatio, 1866; Mascha, 1904; Graham, 1934; Sick, 1937; Hertel, 1963) .
The surface of bird wings is formed by pennaceous feathers. Feathers consist of a shaft (scapus), which is subdivided into the calamus and the rachis, and barbs. Barbs originate at the rachis. The barb shafts give off barbules (also called radiates). The radiates can be interconnected to form a closed vane, as found for example in pennaceous feathers. The radiates consist of a base and a filamentous end called pennulum. In most bird species, the pennula are short and do not overlap neighboring barb shafts. The wing surface in these cases feels rough. By contrast, owls such as the American barn owl (Tyto furcata pratincola) or the eagle owl (Bubo bubo) have elongated pennula on the radiates of their wing feathers so that neighboring barb shafts are covered (Bachmann et al. 2007; Chen et al. 2012) . The surface of owl wings feels soft. Because this softness is reminiscent of velvet, the surface of the wings of the owls is often called velvet-like. We adopt this terminology in the following. Bachmann et al. (2007) described several morphological characteristics of the pennula: (i) variation with feather type; (ii) shorter on the outer vane than on the inner vane on most positions; (iii) variation along the vane. Bachmann et al. (2007) described these structural properties on three different wing feathers (10th primary feather, 8th secondary feather, 1st greater primary covert). What these authors did not do, and what is missing so far, is to relate the characteristics of the velvet-like surface to wing position. This is interesting because it was shown that the addition of a velvet-like surface to an artificial wing reduced flow separation and enabled boundary-layer control (Kl€ an et al. 2009; Winzen et al. 2012 Winzen et al. , 2014a . Since the aerodynamic characteristics of a wing, such as the boundary layer, Reynolds number, shear stress and pressure distribution, change in both the spanwise and chordwise directions (Usherwood et al. 2005; Kl€ an et al. 2009 Kl€ an et al. , 2012 Winzen et al. 2012 Winzen et al. , 2014a Winzen et al. , 2015 Winzen & Roidl, 2016) , the shapes of the barbs and barbules that form the velvet-like surface may do so, too. Thus, here we tested the hypothesis that the characteristics of the velvet-like surface change along the chordwise and spanwise directions of the T. furcata pratincola wing.
The investigations were performed independent of feather type. The data presented in the following demonstrate an influence of wing position on the characteristics of the velvet-like surface at anterior and distal wing positions.
Materials and methods
The investigation was carried out on eight wings of T. furcata pratincola. The wings were obtained from animals of the colony at the Institute of Biology II at RWTH Aachen University that had been sacrificed at the end of other experiments under a local authority permit [Landespr€ asidium f€ ur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany (LANUV)]. The wings were prepared as they appear in gliding flight. We chose this wing form because in gliding flight the wing is fully extended and because it offered the possibility to compare our data with earlier work (Bachmann et al. 2007 (Bachmann et al. , 2011 .
Selection of positions
To obtain samples at distinct wing positions, a wing was subdivided lengthwise into different sampling positions. The wings were positioned according to the description in Bachmann et al. (2011; Fig. 1) . A two-dimensional coordinate system was established in the plane formed by wingspan and wing chord. The chordwise axis was set as the x-axis with the leading edge being set to 0 and the trailing edge being set to 1. The y-axis was set parallel to the wingspan, with the position of the root chord being set to 0 and the wing tip being set to 1. Four spanwise positions were investigated in this study, at 0.2, 0.4, 0.6 and 0.8 of the y-axis. At each spanwise position, 12 measurement positions were investigated in the chordwise direction. Note that the origin of the x-axis was always at the leading edge at the respective spanwise position, whereas 100% of the x-axis was at the trailing edge. Thus, the absolute length of the x-axis differed for the different spanwise positions. The first six measurement positions had a distance of 0.05 in the normalized x-axis, starting at 0.05 and ending at 0.3 of the normalized x-axis. This was done because most effects of the flow field, including boundary layer separation at artificial owl-based wing models, were found in this particular region (Kl€ an et al. 2009 Winzen et al. 2012 Winzen et al. , 2014a . Between 0.4 and 0.9 of the normalized x-axis, the measurement positions were set in steps of 0.1 of the x-axis. This resulted in 48 measurement positions per wing. In the following we will use a combination of the respective values along the x-axis and the y-axis to describe the measurement positions on the wing. For example, the position x05y20 describes the chordwise position (x-axis) 0.05 at 0.2 of the wing length (y-axis).
It is important here to remind the reader that different feather types such as marginal coverts, lesser, median and greater secondary coverts, primary coverts, alular coverts, alular feathers, primary remiges and secondary remiges occur on a bird wing. Most of these feathers can be numbered by their position, which holds especially for remiges. We decided to categorize the different feather types and formed three categories (Fig. 1) . The first feather category includes only the marginal coverts. The second category includes lesser, median and greater secondary coverts, primary coverts and alular coverts. For reasons of simplicity, in the following we shall refer to this category as covert feathers. The third category comprises the flight feathers, which consist of primary remiges, secondary remiges and alular feathers.
Furthermore, for reasons of comparability between different samples, the following deviations from the strict geometrical determination of the position examined were applied.
• In the case of several overlapping feathers, the dorsal-most feather at a given measurement position which was exposed to the airflow, was investigated.
• If at a selected position a covered part occurred (as indicated by its whitish coloration), we interpreted this as an artifact of the preparation, and chose the closest uncovered feather part in spanwise position at the given chordwise position for analysis. This was done because major differences were observed in the quality of the velvet-like surface between the covered and uncovered feather parts (Sick, 1937; Bachmann et al. 2007 ). We chose only to investigate the velvet-like surface that occurs at the brownish, uncovered feather part because this feather part is exposed to the airflow, and because the covered, whitish part does not occur in all feathers.
• Samples were investigated at the central or proximal part of a barb. This took into account that the radiates and pennula tend to be reduced at the barb tips (Bachmann et al. 2007 ).
Preparation of samples
Preparation of samples included the following steps (Fig. 2) . First, a sample containing a short rachis length and vane area and several barbs was cut off the rachis of a given feather and fixed on a small aluminum block with double-sided adhesive tape so that the area of the vane was horizontal. Care was taken that the feather vane was closed.
Afterwards, images were taken from a horizontal perspective with a microscope camera (Scope Tek DCM500, Hangzhou Scopetek Opto-Electric Co., Hangzhou, Zhejiang Province, China) fixed to a stereomicroscope (Nikon SMT 10-A, Nikon Corp., Tokyo, Japan) at a magnification of 259. Measurement points between 0.4 and 0.9 were set in steps of 0.1 of the x-axis. Note that samples were only taken from feather parts that exhibited the uncovered velvet-like surface. The feathers that occur at these wing parts include marginal coverts, covert feathers (primary and secondary coverts) and flight feathers, depending on wing part and wing position.
Quantification of velvet-like surface
The images were analyzed in IMAGEJ (National Institutes of Health, Bethesda, MD, USA). Several parameters were extracted from the photographs (Fig. 3) . The length of a pennulum was measured from the base to the tip of the pennulum. The length of the hook radiates was measured from the basis of the barb to the origin of the pennulum. The length of the pennulum was divided by the base of the hook radiate to estimate the pennulum-base ratio.
The overlap (O) of the pennula (Sick, 1937; Bachmann et al. 2007) describes the extent to which pennula reach over neighboring barbs, determined by the formula:
with the range of the hook radiates (rHR) being measured as the distance between the barb and the tip of the pennula, normal to the barb axis and dbarb being measured as the distance between two adjacent barbs. The dbarb was measured in regions where two adjacent barb ran in parallel, which occurred throughout the major part of barb length, but not close to the distal end. Finally, the density of the pennula was determined as the number of barbules per mm for hook radiates.
Statistical analysis
The data obtained were analyzed statistically with EXCEL (Microsoft Corporation, Redmond, WA, USA) and MATLAB (The MathsWorks, Inc., Natick, MA, USA). The data of the T. furcata pratincola specimen were tested statistically using a multiway ANOVA in MATLAB. A Tukey HSD test was used for post-hoc analysis. The multiway ANOVA investigated three factors. First, the differences between all individuals were checked. This resulted in 28 test cases. In a second step, the difference among the three different feather types was tested (three test cases). This was done to determine possible differences in structure. Thirdly, all 48 measured spanwise and chordwise positions were compared (1128 test cases) to find possible differences between wing positions.
Results
Occurrence of feathers at investigated wing parts Eight wings were examined in this study. We chose to subdivide the occurring feathers in three categories: marginal coverts, covert feathers, and flight feathers. The distribution of the different feather types was similar for the investigated owl specimen (Fig. 4) . Note, however, that due to our position-based method of analysis it sometimes The arrow from C to B points to the part of the sample that was used for the recording. Fig. 3 Overview of measured parameters. The investigated barb parameters are presented in the sketch. The overlap was estimated as the ratio between the range of hook radiates and the distance between two barbs. The density of the hook radiates was determined as the number of hook radiates per mm. h.r., hook radiates; b.r., bow radiates.
happened that in different specimens, different feather types occurred at a given position. The marginal coverts and covert feathers occurred predominantly at the frontal part of the wing at 0.2 of the wing length and to a lesser extent also at 0.4 of the wing length (Fig. 1) . The area covered by the marginal coverts was 8.2% of the total wing area. Barb shape in marginal coverts varied a lot. In this feather type, prolonged hook radiates were present, but the singular barbules were comparatively thin (Fig. 5A) . The coverts were present over the high cambered wing part where the patagium, skeletal parts and adjoining tissue of the wing are present as well (Fig. 1 ). Coverts were found in 26.3% of the total wing area. The flight feathers made up the largest part of the total wing area. They were found in the distal and posterior parts of the wing and covered 65.4% of the total wing area. The outer half of the wing was mainly formed by feathers emerging from the arm and hand parts of the wing. The distal part of the wing (0.8 of wing length) was completely made up by flight feathers, which were also present at the caudal part of the wing at all other positions. The marginal coverts and secondary coverts of T. furcata pratincola occurred over 55 AE 2.14% of the chord at 0.2 of wing length, 42 AE 5.49% of the chord at 0.4 of the wing length and 12 AE 9.64% of the chord at 0.6 of the wing length.
Distribution of the velvet-like surface
The barbs of the feathers investigated were compared at different spanwise and chordwise wing positions (Fig. 1) . We used six different morphological parameters to describe the properties of the velvet-like surface of an owl wing. The variation of these parameters in chordwise and spanwise direction was analyzed.
First we compared the data obtained from the eight individual wings. Two of 28 comparisons exhibited significant differences (multiway ANOVA followed by a Tukey post hoc test, P < 0.05). This low number of differences led us to conclude that data of all wings may be pooled for further analyses. No differences between feather types were observed. The pennula had a similar length at the majority of the measured spanwise and chordwise positions in our study, with an average length of 793 AE 166 lm (Fig. 6) . In general, the pennulum length was constant over the wing and exhibited no significant difference between the majority of different spanwise and chordwise positions. One conspicuous deviation from this scheme was observed at the four frontal chordwise positions at 0.2 of the length of the wing. The length of the pennula at x20y20 was the greatest of all investigated positions (1053 AE 205 lm) (Fig. 6) . The pennula at this position were significantly longer than pennula of several measurement positions (multiway ANOVA followed by a Tukey post hoc test, see Supporting Information Fig. S1 , vertically and horizontally aligned squares based at x20y20). We observed this difference after analysis of five wings, which we initially regarded as a high enough sample size. Since the difference occurred only at the medial and frontal part of the wing, we were worried that the difference might represent a false positive and decided to analyze three more wings. We observed the same difference. This led us to conclude that the difference was real. In summary, pennulum length did not change along the major part of chordwise and spanwise directions, with the exception of a change at the leading edge of the most proximal investigated wing part, up to a chordwise position of 0.2.
The bases of hook radiates between individuals exhibited differences in four of 28 tested cases. No differences were observed between the three feather types. The length of the base of the hook radiates from where the pennula emerged showed no positional differences despite a length range between 131 and 392 lm (224 AE 39 lm, Fig. 7) .
The ratio between the pennula and the base of hook radiates can be used to describe the elongation of the pennula. The mean ratio between pennula and hook radiates was 3.58 AE 92. No difference between individuals and between feather types were observed for this ratio. The ratio between pennula and hook radiates showed few positional differences (Fig. 8) . Only five of 1128 positional combinations exhibited significant differences. These differences were between x05y20 and x20y20, as well as between x15y40, x25y60 and x10y80, and between x10y80 and x40y80 (Fig. S2) . Since significance changed when only the first five wings were considered compared with when all eight wings were considered, some of these differences may represent false positives. Barb distance was different in two out 28 cases for T. furcata pratincola individuals, again leading to the conclusion that the data may be pooled. In our investigation the distance between adjacent barbs was significantly higher in flight feathers (292 AE 42 lm) than in covert feathers (258 AE 43 lm, multiway ANOVA, P < 0.001). Barb distance varied little (284 AE 43 lm) for most positions on the feather. Yet, several positional differences occurred (Fig. 9) . Forty-two of 1128 positions exhibited significant positional differences. These differences were especially conspicuous between position x05y40 and most (nine of 12 comparisons) of the chordwise positions at 0.8 of the wing length (Supporting Information Fig. S3 , horizontally aligned squares in sector y40y80). This suggested that barb distance was increased at 0.8 wing length. Similar differences occurred between caudal chordwise positions at 0.8 of the wing length and frontal to central chordwise positions at the other spanwise positions (vertically aligned squares in sectors y20y80, y40y80 and y60y80). Both observations are consistent with earlier findings (Bachmann et al. 2007 ).
The overlap describes the extent to which the pennula reach over neighboring barbs. If the pennula were to exactly reach the adjacent barb, the overlap would be 1. We observed a mean overlap of 2.1 AE 0.58 (Fig. 10) . When comparing different individuals, no differences were observed. In contrast, differences were observed between the different feather types. The overlap on flight feathers (2.26 AE 0.52) was significantly higher than the overlap on marginal coverts (1.64 AE 0.49, multiway ANOVA, P < 0.001) and covert feathers (1.98 AE 0.55, n-way ANOVA, P < 0.001). Two of 1128 positional comparisons exhibited significant differences [x05y20 differed from x60y20 (multiway ANOVA, P = 0.018) and x70y40 (multiway ANOVA, P = 0.02)] Supporting Information Fig. S4 ).
The number of hook radiates per mm was the sixth investigated parameter (Fig. 11) . The number of hook radiates per mm can be used to describe the density of the velvetlike surface and further indicates the porosity of the feather vane. The mean value was 25.62 AE 4.81 hook radiates/mm). No differences between the individuals were observed. However, the different feather types exhibited a significantly different number of hook radiates. The flight feathers (26.98 AE 4.11 per mm) had a significantly higher number of hook radiates per mm compared with covert feathers (23.51 AE 6.03 per mm, multiway ANOVA, P = 0.0013) and marginal coverts (19.2 AE 3.95 per mm, multiway ANOVA, P < 0.001). Covert feathers had a significantly higher number of hook radiates per mm compared with marginal coverts (multiway ANOVA, P < 0.001). In marginal coverts the hook radiates were widely spread. This results in a higher porosity. The differences in between the three feather types also resulted in a higher number of positional differences. Of 1128 positional combinations, 158 were significantly different (Supporting Information Fig. S5 ). As demonstrated by the thick horizontal stripe of squares in Fig. S5 , the differences were present between the first three chordwise positions (905, 910, 915) at 0.2 of the wing length (y20) in comparison with the majority of the other positions. Additionally, as indicated by the vertical and horizontal stripes of squares based at x05y80, the hook radiate density was especially high at the first two chordwise positions at 0.8 of wing length.
Discussion
The velvet-like surface on wings of T. furcata pratincola was investigated with stereomicroscopy at preassigned wing positions to evaluate whether the characteristics of the surface depend on wing position. We observed a change in pennulum length at medial and anterior wing positions and an increase in the density of hook radiates at the distalmost wing position. In the following, we shall discuss the results in the context of the existing literature and attempt to draw conclusions with regard to biological aspects and technical applications.
Distribution of the velvet-like surface on an owl wing
Several attempts have been made qualitatively to describe (Sick, 1937) or quantitatively to compare the occurrence of the elongated pennula that are fundamental for the formation of a velvet-like feather surface (Bachmann et al. 2007; Chen et al. 2012) . The feather-type related analysis of Bachmann et al. (2007) detected a lower number of barbules and longer pennula on T. furcata pratincola wings in comparison with pigeon (Columba livia domestica) wings, but no differences between different primary and secondary barn-owl feathers. Our position-dependent analysis demonstrated an influence of wing position on the characteristics of the velvet-like surface for anterior positions. These differences were missed in earlier studies. This shows that it is important to take feather position into account when it comes to the characteristics of the velvet-like surface.
Apart from the frontal positions, our results suggest a high uniformity of the specialized barb modifications on owl wings. We interpret this uniformity such that an evolutionary pressure for the creation of a position-dependent morphology existed only for frontal positions.
One interesting finding of this study was the change of the pennulum length at the most proximal wing positions investigated, reaching a maximum at 0.15 or 0.2 chord length. This was paralleled by an increase in the number of hook radiates for the most medial lengthwise position. Interestingly, the start of the boundary layer on an owlbased wing model was found slightly behind this chordwise position (Winzen et al. 2012 (Winzen et al. , 2013 (Winzen et al. , 2014a . This leads to the speculation that the presence of a velvet-like surface may be especially important in regions where flow separation may occur (see also below).
Another conspicuous deviation is the increased density of hook radiates at the frontal part at the distalmost wing position. This observation reflects the high number of hook radiates that were observed earlier (Bachmann et al. 2007 ) on 10th primary feathers. One function of this increased density could probably be to stiffen that vane part most likely subject to the highest forces. Future experiments will have to clarify whether this conclusion is correct.
Our findings of the pennulum and hook radiate length on flight and covert feathers correspond well to the observations reported in Bachmann et al. (2007) , which can now be extended to the major part of the wing.
We chose to restrict our investigation to uncovered feather parts because of large differences in the characteristics of the pennula in uncovered and covered areas. For example, the shape of the pennula in the brownish, uncovered feather parts differed from the shape in the covered, whitish feather parts (Bachmann et al. 2007 ).
Functional aspects of the velvet-like surface
The velvet-like surface on owl wings has been related to reduction in flight noise. Lilley (1998) , for example, proposed that the downy surface helps in dampening the aerodynamic effects that create flight noise. Vad et al. (2006) demonstrated noise reduction in the human hearing range in an RAF-6E profile with an artificial downy surface that was inspired by the surface of owl feathers. Chen et al. (2012) conducted noise measurements on feathers of B. bubo, and the common buzzard (Buteo buteo), a member of the family of diurnal raptors. Feathers of B. bubo exhibited better sound-absorbing properties in flight than the feathers of the buzzard (by approximately 10 dB for frequencies below 1 kHz). Clark et al. (2014) demonstrated that an artificial fabric based on a velvet-like surface exhibited noise reduction capabilities up to a maximum of about 30 dB, depending on the fabric model, surface structure, flow velocity and frequency. Jaworski (2016) suggested a model in which filaments of the velvet surface act as inclined fibers that achieve noise reduction by the interaction of fiber motion and a moving line vortex.
Although these data demonstrate the noise-reducing capabilities of the velvet-like surface, recently a further function has been described. Wind tunnel studies showed reduced flow separation for artificial wings covered with artificial velvet-like surfaces (Kl€ an et al. 2009; Winzen et al. 2012 Winzen et al. , 2014a . Thus, the velvet-like surface has also an aerodynamic effect. Whereas these authors used a uniform velvet-like surface on the whole wing, we show here that at anterior and proximal wing positions the pennula are shorter. They reach their full length only in wing regions where flow separation may occur. Thus, it might be interesting to test wings with a velvet-like structure that resembles the positional distribution on natural wings. This suggestion is also based on the findings of Winzen et al. (Winzen et al. 2014b (Winzen et al. , 2015 Winzen & Roidl, 2016 ) that demonstrate an even better aerodynamic behavior of natural owl wings than of artificial wings equipped with a velvet-like surface.
Conclusions and outlook
Several questions relating to the evolution and function of the velvet-like surface remain unanswered. First, if the major advantage of the velvet-like surface was a reduction of flight noise in combination with passive hearing, why did it evolve in nightjars (Sick, 1937) , which mainly hunt insects that are not expected to perceive flight noise? To our best knowledge, nothing is known about the situation in other night-active birds such as frogmouths, potoos and owlet nightjars. Secondly, if the major advantage was a reduction of flow separation, why did the velvet-like surface not evolve in other bird species? A more thorough comparative study may help to answer part of these questions.
Within the owl clade, it is known among ornithologists that the small, diurnal pygmy owl (Glaucidium passerinum) does not possess a velvet-like surface (H-H Bergmann, pers. comm.). We have investigated feathers of the diurnal little owl (Athene noctua) and the nocturnal B. bubo and observed longer pennula in the three owl species than in C. livia domestica, but shorter pennula in A. noctua than in T. furcata pratincola and B. bubo (M. Weger & H. Wagner, unpubl. obs.) . Thus, it would be helpful to collect data on more owl species.
It would also be interesting to make a further comparison of the velvet-like surface on covered and uncovered feather parts. The velvet-like surface of covered feather parts exhibits qualitative differences to this surface and has been related to friction noise reduction (Bachmann, 2010) and was probably the inspiration for the 'canopy' structure used in the experiments of Clark et al. (2014) . The differences between the two different types of surfaces have been mentioned in previous studies, but a quantitative comparison and a possible relation to function is missing and should be examined further in future studies.
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